Objective: A case of basilar bifurcation aneurysm associated with unilateral moyamoya disease (MMD) treated by stentassisted coiling (SAC) following bypass surgery is reported.
Introduction
In moyamoya disease (MMD), a flow-related intracranial aneurysm often develops in the major artery of the vertebrobasilar system because the vertebrobasilar system is one of the most common collateral routes for the middle cerebral artery (MCA) and anterior cerebral artery (ACA) territories. [1] [2] [3] [4] [5] [6] In addition, the medullary artery and choroidal artery in the periventricular areas develop as collateral routes and sometimes dilate markedly and form aneurysms. Rupture of this type of aneurysm causes intraparenchimal or intraventricular hemorrhage. The Japan Adult Moyamoya (JAM) trial reported that superficial temporal artery (STA-MCA) anastomosis is effective for the secondary prevention of hemorrhage due to MMD, but this trial primarily assumed hemorrhage caused by distal collateral channels. 7) There have been few reports that evaluated the effects of hemodynamic load of MMD on major artery aneurysms. 4, [8] [9] [10] [11] In this report, stent-assisted coiling (SAC) was performed after STA-MCA anastomosis as a treatment of an unruptured basilar bifurcation aneurysm associated with MMD. A treatment strategy for aneurysms associated with MMD is reported, along with a review of the literature. local physician. The patient experienced transient ischemic attacks (TIAs) in childhood, but not thereafter. After he reached adulthood, he again began to have TIAs and was found to have left unilateral MMD. These TIAs disappeared as his anemia improved after treatment of a duodenal ulcer.
N-isopropyl-p-[ 123 I]-iodoamphetamine single photon emission computed tomography ( 123 IMP-SPECT) including an acetazolamide challenge test performed in 2011 demonstrated reduced cerebrovascular reactivity with normal resting cerebral blood flow (CBF) in the left MCA territory, and this region was judged to correspond to Power's stage I. Observation was continued because there were no apparent symptoms or MRI findings suggestive of hemorrhage or ischemic lesions. At this point, no aneurysm was obvious on MRA. A basilar bifurcation aneurysm was detected on MRA performed in 2014, and the patient was referred to our department when he changed his residence.
Examination results
Digital subtraction angiography demonstrated left internal carotid artery (ICA) occlusion at the cervical and terminal portion. The proximal segment of the intracranial ICA was faintly demonstrated via the external carotid artery through ophthalmic artery and formed collateral channels to the left MCA territory through the anterior choroidal artery. The collateral flow supplied only a limited area of left MCA territory. Vertebral angiography (VAG) showed an irregularly shaped aneurysm with a neck diameter of 6.47 mm, a height of 3.00 mm, and a maximum dome diameter of 5.78 mm at the basilar bifurcation (Fig. 1) . VAG also demonstrated rich leptomeningeal anastomosis toward the left MCA territory. On heavily T2-weighted MRI, the external diameter of the ICA was less compared with the other side. Since there was no predisposing factor for atherosclerosis and taking into account the family history, a diagnosis of unilateral MMD was made. On 123 I-IMP SPECT, the resting CBF of the left MCA territory was maintained normal, but the cerebrovascular reactivity of this territory decreased to 2% ( Fig. 2A) .
The basilar bifurcation aneurysm enlarged, and was considered to be an indication for treatment. Since it was located in the posterior circulation, coil embolization was considered as a first-line treatment. Stent-assisted procedure was considered necessary because the aneurysm was wide-necked, irregular in shape, and had a low Alberta Stroke Programme Early CT Score (ASPECTS) ratio (dome height/neck width) of 0.46. On the other hand, Power's stage I hemodynamic insufficiency was present in the left MCA territory, whereas the left posterior cerebral artery (PCA) was nearly the only collateral route to the left MCA territory. Taking these findings into account, hemodynamic load on the basilar artery and left PCA could be a factor causing enlargement of the aneurysm ( Fig. 2A) . Therefore, a left STA-MCA anastomosis was performed for alleviation of the hemodynamic load, followed by an endovascular treatment for the aneurysm. Informed consent for this series of treatments was obtained after a thorough explanation was given to the patient, including the fact that the effect of the bypass on endovascular treatment for the aneurysm was unclear.
Left STA-MCA anastomosis
Under general anesthesia with propofol, an end-to-side anastomosis of the parietal branch of the left STA to the central artery was performed. PaCO 2 was tightly controlled during the procedure. The patient was discharged on postoperative day 12 without any periprocedural events.
Stent-assisted coiling
Stent-assisted coiling was performed 3 months after STA-MCA anastomosis. Before the treatment, MRI and 123 I-IMP SPECT (resting/acetazolamide loading) were carried out to confirm the absence of new hemorrhage, ischemic lesions, and CBF insufficiency that would interfere with endovascular treatment. From 1 week before the treatment, the administration of 100 mg aspirin and 75 mg clopidogrel was initiated (Aspirin Reaction Units [ARU]: 375, P2Y12 Reaction Units [PRU]: 83 on analysis using VerifyNow [Accriva Diagnostics, San Diego, CA, USA] on the day before the the dome compared to postprocedural MRA, indicating progressive thrombosis of the dome. VAG after 1 year also demonstrated the nearly complete obliteration of the aneurysm, with a small remnant at the neck involving the left PCA ( Fig. 3 1Y FU) . Left common carotid angiography demonstrated further increase in the bypass flow. As a result, the area opacified on VAG was reduced compared with that at the time of treatment (Fig. 2C) . Administration of clopidogrel was terminated 6 months after the procedure, and single antiplatelet therapy with 100 mg aspirin has been continued to the present. Antiplatelet therapy will be stopped 2 years after the procedure according to the standard protocol at our facility. The termination of antiplatelet therapy could prevent the risk of hemorrhage associated with MMD.
Discussion
In the present patient, STA-MCA anastomosis, followed by elective SAC was performed for basilar bifurcation aneurysm associated with MMD. The treatment strategy is very interesting when considering the relationship between the hemodynamic characteristics of MMD and the formation and treatment of major artery aneurysms. This discussion procedure). Treatment was carried out under general anesthesia. Prior to the treatment, patency of the STA-MCA anastomosis and a decrease in leptomeningeal anastomosis from the PCA to the left MCA territory were confirmed by DSA (Fig. 2B) . After deployment of an Enterprise 2 (Codman & Shurtleff, Inc., Raynham, MA, USA) from the left PCA to the basilar artery, coil embolization was performed. As coils tended to protrude into the right P1 with jailing technique, embolization was finally performed by the trans-cell technique using Target coils (Target 360 soft 4 mm × 8 cm [retrieved], Target 360 soft 3.5 × 10 cm, Target helical ultrasoft 2.5 mm × 4 cm, 2 mm × 3 cm, 2 mm × 2 mm; Stryker, Kalamazoo, MI, USA) with the assist of a Transform C (Stryker) balloon catheter navigated into the right P1 in the trans-cell manner. The framing was difficult even under assist of a stent and balloon. Some dome filling was demonstrated on DSA obtained immediately after the procedure (Fig. 3 Post) . The patient was discharged 1 week after the treatment without any symptoms.
Postprocedural examinations and antiplatelet therapy
On time-of-flight MRA performed 6 months after the embolization demonstrated a decreased flow signal within focuses on aneurysms arising in major arteries, not on small aneurysms occurring in distal collateral channels.
Significance of STA-MCA anastomosis
The effect of bypass surgery on occlusion of an aneurysm following the endovascular treatment, which has only a mild hemodynamic insufficiency in its distal area, is unknown. In the present patient, the leptomeningeal anastomosis from the left PCA and collaterals via the lateral posterior choroidal artery were the only collateral routes to the left MCA territory. In addition, hemodynamic insufficiency corresponding to Power's stage I was noted in the left MCA territory. These findings suggested a high hemodynamic load on the basilar-PCA system. Relationships between the hemodynamic load on basilar bifurcations and formation, rupture, and regrowth after the treatment of an aneurysm has been suggested. [12] [13] [14] A similar mechanism could affect the present patient.
Patients with adult MMD with Power's stage I hemodynamic insufficiency without any ischemic symptoms are followed-up without revascularization surgery in usual clinical practice. STA-MCA anastomosis was performed before endovascular treatment in the present patient because of an assumption that bypass surgery might reduce the hemodynamic load on the aneurysm and enhance the effect of subsequent endovascular treatment. Regression of aneurysms after therapeutic hemodynamic alterations has been reported. Aneurysms located in distal collateral channels of MMD have regressed after bypass surgery. 15, 16) Aneurysms located in feeding vessels of arteriovenous malformations after nidal extirpations. 17, 18) Regression of partially thrombosed giant aneurysms was seen after surgical flow alteration. 19) In the present patient, 123 IMP-SPECT performed just before the embolization demonstrated no apparent improvement both resting CBF and cerebrovascular reactivity. However, VAG demonstrated a decrease in leptomeningeal anastomosis in the left MCA territory over time, suggesting reduced hemodynamic load onto the aneurysm.
Significance of stent usage
Since the aneurysm in the present patient had a very wide neck and a low ASPECT ratio, stent-assisted procedure was considered to be necessary. The primary aim of stenting is to avoid coil migration, but it also has a straightening effect on the parent artery. This effect may also have contributed to progressive occlusion of the aneurysm. In the present patient, also, the angle of the basilar artery-left PCA bifurcation changed immediately after treatment. We previously reported that straightening of the parent artery by stent placement might reduce recanalization of the coiled aneurysm. 20) It remains to be clarified whether straightening effect is related to progressive thrombosis of an incompletely coiled aneurysm over time.
In the present patient, the stent was placed from the left PCA to the basilar artery because of the diameter and the vessel configuration. The straightening effect on the aneurysm might differ if the stent was placed from the right PCA to the basilar artery. It was reasonable to place a stent 
Conclusion
In the present case, a basilar bifurcation aneurysm in a patient with MMD was treated by elective SAC preceded by STA-MCA anastomosis. Development of a major artery aneurysm is often associated with hemodynamic load in MMD. Both bypass surgery to reduce the hemodynamic load and embolization as a definitive treatment of aneurysm were assumed necessary to cure the aneurysm. STA-MCA anastomosis was performed prior to embolization to avoid long-term DAPT following stent-assisted procedure. It may be possible to treat an aneurysm effectively with a combination of bypass surgery and SAC in consideration of the unique hemodynamics in MMD.
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from the left PCA to the basilar artery because vessels would become larger in diameter and more sharply angle if they supplied most of the collateral channels.
Antiplatelet therapy and timing of intervention
Long-term dual-antiplatelet therapy (DAPT) is essential after SAC. If we perform SAC first, it would be better to wait to perform bypass surgery during DAPT to avoid hemorrhagic complications. The bypass preceded to avoid the long interval between the two procedures, in addition to the above-mentioned therapeutic effect of bypass surgery on the aneurysm.
Order of interventions
In the present patient, bypass surgery preceded, and was followed by elective SAC because bypass surgery could reduce the hemodynamic stress, and give a favorable effect on the aneurysmal occlusion, in addition to taking into account the risk of hemorrhage due to DAPT. However, since the effect of bypass surgery on the treatment for aneurysms is indirect and not fully predictable, sufficient consideration of periprocedural risks is necessary to determine the order and timing of interventions. There is a option of performing SAC first and elective bypass surgery if the aneurysm is not occluded, or when recanalization or regrowth of the aneurysm is confirmed. This option could have the advantage to reduce the risk of rupture of the aneurysm during the interval of the treatments. In this strategy, however, the same questions, such as the indication of bypass surgery and the order and interval between the two interventions should be discussed again when re-treatment is considered. An elective bypass surgery as soon as the patient is weaned from antiplatelet therapy after SAC could be another option. However, the hemodynamic effect of bypass on the aneurysm could not work during the critical period of the aneurysmal occlusion following the coil embolization. Bypass surgery and SAC were performed at an interval of 3 months based on our standard follow-up protocol after revascularization surgery for MMD. This interval was assumed necessary to stabilize the hemodynamics and to decrease the hemodynamic load on the basilar-PCA system, as well as to reduce the risk of hemorrhagic complications associated with anti-thrombotic therapy. Regarding the hemodynamic load on the aneurysm, DSA demonstrated that the area perfused by the bypass increased over time even after 1 year (Fig. 2C) . However, there remains the possibility that endovascular treatment could be performed with an even shorter interval.
